Solutions containing ammonia allow for selective leaching of copper from a copper ore. In this study, the leaching and kinetics of malachite ore were examined using ammonium acetate solutions as an alternative lixiviant. The effects of some experimental parameters on the leaching of malachite ore were investigated. A kinetic model to represent the effects of these parameters on the leaching rate was developed. It was determined that the leaching rate increased with increasing solution concentration, temperature and stirring speed, and decreasing particle size and solid-to-liquid ratio. It was found that the leaching reaction followed the mixed kinetic control model. The activation energy of this leaching process was determined to be 59.6 kJ mol -1 . Consequently, it was determined that ammonium acetate solutions could be used as an effective leaching agent for copper extraction from malachite ore.
lues in the metal source pass into the solution by dissolving in the leaching step [1, 2] .
Copper is among the most prevalent and valuable metals used in the industry. It is used mostly in the electrical and electronics industries because of its high conductivity [4] [5] [6] . In nature, copper is generally found in the form of sulfide and oxide minerals, such as azurite, malachite, tenorite, chrysocolla, bornite, brochantite, enargite, chalcopyrite, chalcocite, covellite [5, 7, 8] . At the present time, the production of copper is generally performed using the low grade oxidized copper ores and secondary sources containing copper due to depletion of high grade sulfide copper ores [9] . The hydrometallurgical methods are usually preferred for the recovery of copper from the low grade oxidized copper ores because of low cost, short construction time, operational simplicity, good performance, and environmental advantages [10] . For this aim, the strong acids, such as HCl, HNO 3 , and H 2 SO 4 , are mostly used as the leaching reagents. Sulfuric acid is the preferred lixiviant for the leaching of the oxidized copper ores, like azurite, malachite, tenorite, and chrysocolla [5, 8] . However, the acid leaching can be sometimes uneconomical because basic ores may cause excessive acid consumption during the leaching process due to the gangue minerals. Furthermore, some undesired impurities in ore matrix can be also dissolved along with the desired metal, and they pass into the solution. Therefore, more basic lixiviants than inorganic acids (or weakly acidic reagents) may be more favorable in the leaching processes, allowing impurities in the solution to be separated more effectively [11] . So, the solutions containing ammonia have been used as lixiviant for the leaching of various ores, such as magnesite [12] , colemanite [13, 14] , ulexite [15, 16] , smithsonite [17] , and hemimorphite [18] .
In acid leaching of oxidized copper ores, the impurities passing from ore to solution cause some problems in further processing of the leaching solution, such as electrowinning of copper [19] . For these reasons, basic or weakly acidic lixiviants containing ammonia have been also used for the leaching of the oxidized copper ores [5, [19] [20] [21] [22] [23] [24] .
In ammoniacal leaching systems, the dissolution of ore is carried out at mildly acidic or basic conditions, and ammonia can be recovered by evaporation at the end of the process. Furthermore, some metals, which pass into the solution during dissolution process, precipitate because of the higher pH of solutions containing ammonia. Besides, ammonia forms stable complexes with copper ions, and this leads to an increase in the leaching rate of ore. Thus, ammonia allows for selective extraction of the copper from ore, leaving the undesired components in the residue [19, 25, 26] . As a result, a high purity solution for recovery of copper can be obtained at the end of such a leaching process.
The aims of this study were to investigate the usability of ammonium acetate solution as lixiviant in the leaching of malachite ore and to determine the effects of the experimental parameters, including ammonium acetate concentration, solid-to-liquid ratio, particle size, stirring speed, and reaction temperature.
Ammonium acetate, chosen as the solvent in this study, is the salt of a weak acid (acetic acid) and a weak base (ammonia). According to the following reaction, it ionizes in an aqueous medium:
Ammonium and acetate both undergo hydrolysis, as shown in the following equations:
Ammonia/ammonium and acetic acid/acetate buffered systems form in the aqueous medium. Thus, pH of solution remains almost constant during leaching process. Ammonium acetate is a neutral salt, and pH of leaching solution is near neutral value at the end of dissolution process due to the formed buffer system [27] . This case can be an advantage in the leaching because some impurities present in ore matrix, such as iron and aluminum, precipitate in the form of hydroxides. As a result of this, a high purity solution can be obtained at the end of leaching. In addition, ammonium acetate provides ammonium ions, which contributes the protons (hydronium ions) required for the dissolution of basic malachite ore. Ammonia and hydronium ions produced by reaction in Eq. (2) play an important role in the dissolution process. Basically, hydronium ions are responsible for the dissolution of basic ore. On the other hand, ammonia can form the stable complexes with copper (II) ions passing from ore to solution. The formation of copper amine complexes can ensure an increase in the dissolution of malachite ore. The copper in the malachite ore is in the form of CuCO 3 ⋅Cu(OH) 2 . Thus, when malachite ore is added into ammonium acetate solution, the reactions occurring during the leaching process are probably as follows:
Copper ions pass into the solution in the form of the water-soluble copper amine complexes with ammonia, and thus, no precipitation of any copper compound occurs in the solution. The formation reactions of the copper-amine complexes are written as follows:
It is reported that the Cu(NH 3 ) 2 2+ formed during leaching reaction is an intermediate species, and it converts to the stable complex of Cu(NH 3 ) 4 2+ [5, 18] . Consequently, the overall leaching reaction can be written as follows:
Because leaching is an essential unit operation in the hydrometallurgical treatment of ores, the kinetic analysis of leaching reactions is required for the efficient design of leaching reactor to be used in a hydrometallurgical plant. The reactions occurring in the leaching process are heterogeneous. Because of those reasons, leaching reactions do not often obey simple first-and second-order kinetics. The kinetic analysis of these kinds of reactions is generally performed using the heterogeneous reaction models [28, 29] . Thus, the kinetic analysis of leaching process practiced in this study has been made using the shrinking core model.
MATERIAL AND METHODS
An oxidized ore sample (malachite) used in this leaching process was collected from Palu region Elazığ, Turkey. The ore sample was crushed, ground, and then sieved using ASTM standard test sieves to obtain desired particle size fractions. The mineralogical analysis of malachite ore sample was performed using a Rigaku RadB-DMAX II X-ray diffractometer. The result of the X-ray analysis ( Figure 1) indicates that the ore sample consists of malachite, albite, chloride, laumontite, margarite, kaolinite, and quartz. The chemical composition of the sample is given in Table 1 .
The leaching experiments were performed in a 1 L glass reactor equipped with a mechanical agitator, a reaction temperature control unit, and a cooler to avoid loss of solution from evaporation. The experimental procedure was initiated by adding 500 mL of an ammonium acetate solution into the glass reactor and bringing it to the desired reaction temperature. A given amount of solid sample was then added to the solution. The reactor content was agitated with a mechanical stirrer for required retention time. Aliquots of 5 mL were withdrawn at regular intervals during the reaction and were immediately filtered. The amount of dissolved copper in the solution was determined complexometrically using EDTA solution as titrant and murexide as indicator. The fraction of dissolved copper (x) was calculated as follows: x= (amount of copper passing to the solution)/(amount of copper in the malachite ore)
RESULTS AND DISCUSSION

Effect of ammonium acetate concentration
The effect of ammonium acetate concentration on the leaching of malachite ore was investigated in concentrations of 0.5, 1.0, 2.0, 3.0, and 4.0 mol/L. In these experiments, the solid-to-liquid ratio, particle size, stirring speed, and reaction temperature were kept constant at 3/500 g/mL, 140 µm, 350 rpm and 45 °C, respectively. Figure 2 shows the experimental results concerning the effect of solution concentration. Under the experimental conditions mentioned above, it can be seen that the extraction rate of copper from malachite ore increases considerably with an increase in ammonium acetate concentration. It was determined that the extent of extraction of copper increased from 37.0 to 99.1% when ammonium acetate concentration increased from 0.5 to 4 mol/L.
Effect of particle size The effect of particle size on the leaching of copper from malachite ore was examined by using fractions of the sample with average particle size of 120, 140, 160, and 200 µm. In these experiments, the values of other parameters were kept constant at 3 mol/L, 45 °C, 3/500 g/mL, and 350 rpm. Figure 3 shows the effect of particle size on the leaching rate of copper from malachite ore. It is understood that the dissolution rate increases with decreasing particle size. After 120 min of leaching, it was found that the copper extraction from ore increased from 87.7 to 99.0% when average particle size of ore reduced from 200 to 120 µm. It is clear from these results that the amount of copper extracted from ore increases with decreasing particle size.
Effect of solid to liquid ratio
The effect of solid to liquid ratio on the leaching of the malachite ore was investigated by testing solid to liquid ratios of 2/500, 3/500, 5/500, 7/500, 10/500, and 15/500 g/mL while the values of ammonium acetate concentration, stirring speed, particle size, and reaction temperature were kept constant at 3 mol/L, 350 rpm, 140 µm and 45 °C, respectively. The variations of the leaching rate for various solid to liquid ratios are given in Figure 4 . It was observed that the extent of the leaching of copper decreased slightly as solid to liquid ratio increased. This decrease may be due to the increase in solid amount in the reaction mixture. In fact, the leaching percentage of copper was 98.5% at solid to liquid ratio of 0.5/500 g/mL and decreased to 89% when solid to liquid ratio increased to 15/500 g/mL.
Effect of stirring speed
To examine the effect of stirring speed on the leaching of malachite ore, the experiments were performed at four different agitation rates in the range of 150-550 rpm. During experiments, the solution concentration, solid to liquid ratio, particle size, and reaction temperature were kept constant at 3 mol/L, 3/500 g/mL, 140 µm and 45 °C, respectively. The results obtained are graphically represented in Figure 5 . When the agitation speed increased from 150 to 350 rpm, the leaching rate of copper increased. According to the experimental results, 92.7 and 96.9% of copper were extracted at stirring speeds of 150 and 350 rpm, respectively. Further increase in agitation speed above 350 rpm provided a very small increase in the extent of extraction (98.0% at 450 rpm and 98.5% at 550 rpm).
Effect of reaction temperature
To determine the effect of reaction temperature on the leaching of malachite ore, the experiments were performed at temperatures of 25, 30, 35, 40, 45, 50 and 55 °C. In these tests, the solution concentration, liquid to solid ratio, particle size, and stirring speed were kept constant at 3 mol/L, 3/500 g/mL, 140 µm and 350 rpm, respectively. The results plotted in Figure 6 show that the leaching rate of malachite ore increased considerably with increasing reaction temperature. At a reaction temperature of 25 °C, 61.4% of copper was leached after 120 min of reaction, where- as at a temperature of 55 °C, 99.5% of copper was extracted after the same period of time. The results obtained from the temperature tests indicate that the reaction temperature has a significant effect on the extraction of copper from malachite ore.
Kinetic study
The leaching reaction of mineral particles with a reagent can be represented by the following reaction:
A (fluid) + bB (solid) → fluid and/or solid products (9) where A, B, and b represent the fluid reactant, the solid undergoing leaching, and stoichiometric coefficient, respectively. Because the leaching reactions are heterogeneous, the kinetic analysis of these kinds of reactions is generally performed by non-catalytic heterogeneous reaction models. The kinetics of leaching reactions is often described by the shrinking core model. According to the shrinking core model, it is thought that the reaction between solid and fluid reactants takes place on the outer surface of solid. The solid reactant is initially surrounded by a fluid film through in which mass transfer occurs between the solid and the bulk fluid. As the reaction proceeds, the unreacted core of the solid shrinks towards the center of the solid, and a porous product layer forms around the unreacted core. However, it is considered that the initial outside radius of the solid does not change while the leaching reaction continues [6, 30, 31] . In this model, the rate of reaction between the solid particle and leaching reagent may be controlled by one of the following steps: diffusion through the fluid film, diffusion through the product layer, or the chemical reaction at the surface of unreacted [31] .
The integrated rate equations of these steps can be written as follows: (12) where x is the conversion fraction of solid particle, k l is the apparent rate constant for diffusion through the fluid film, k d is the apparent rate constant for diffusion through the product layer, k r is the apparent rate constant for the surface chemical reaction, and t is the reaction time. Generally, the kinetics of any leaching reaction fit to one of the above models. In addition to these models, the mixed kinetic models can be used to determine the rate expressions of leaching reactions. The rate equations for the mixed kinetic models are given in the literature [30, 32] .
To determine the kinetic parameters and the rate-controlling step of the dissolution of malachite in ammonium acetate solutions, the experimental data obtained in the leaching step were analyzed based on the shrinking core model using the rate expression given in Eqs. (10) (11) (12) and the mixed kinetic models introduced in the literature. Among the mixed kinetic models applied to the leaching data, it was observed that the following model could be more suitable to demonstrate the kinetics of this leaching system: where k m is the apparent rate constant for the mixed kinetic model. For each experimental parameter, the apparent rate constant values and their correlation coefficients are given in Table 2 . According to data in Table 2 , the biggest regression coefficients were obtained for the mixed kinetic model. To test the validity of the model in Eq. (13), the left side of Eq. (13) versus time were plotted for the solution concentration, stirring speed, solid-to-liquid ratio, particle size, and temperature. The graphs obtained are given in Figures 7-11 . The apparent rate constants determined from the slopes of the straight lines in Figures 7-11 and their correlation coefficients are given in Table 2 . According to the results in Figures 7-11 and in Table 2 , it can be said that the kinetic model in Eq. (13) is appropriate to represent this leaching process.
To determine the effects of the reaction parameters on the reaction rate constant, the following semi-empirical model can be suggested:
where C, PS, SL, SS, E a , R, T represent the concentration, particle size, solid-to-liquid ratio, stirring speed, activation energy, universal gas constant, and temperature, respectively. The constants α, β, γ and υ are the reaction order for relating parameters, and k o is the frequency or pre-exponential factor. Combining Eqs. (13) and (14), the following equation is obtained: The constants α, β, γ and υ were estimated from the apparent rate constant values given in Table 2 .
The plots of ln k m vs. ln C, lnk m vs. ln (PS), ln k m vs. ln (SL), and lnk m vs. ln (SS) were constructed using the values given in Table 2 for each parameter. The slopes of the straight lines in the graphs obtained assign the reaction order for each parameter. The values of the constants α, β, γ and υ were determined to be 1.56, -1.86, -0.34 and 0.36, respectively. The activation energy of this leaching process was found from the Arrhenius equation. The Arrhenius plot of the reaction is shown in Figure 12 . The value of the activation energy of this leaching reaction was calculated to be 59.6 kJmol -1 . As a result, the kinetic expression including the reaction parameters used in this leaching process can be written as follows: 
CONCLUSIONS
In the present paper, the leaching and kinetics of copper from malachite ore in ammonium acetate solutions was studied. It was determined that the leaching rate of copper increased with increasing solution concentration, reaction temperature and stirring speed, and decreasing particle size and solid-to-liquid ratio. As a result of kinetic analysis, it was found that the leaching reaction followed the mixed kinetic control model. A mathematical model containing experimental parameters was developed to represent the leaching kinetics of malachite ore in ammonium acetate solutions. The activation energy for this leaching process was to be 59.6 kJ/mol. It was observed that ammonium acetate solutions could be used as an effective leaching agent for leaching of copper from the malachite ore. The leaching process in this study can produce a pure solution for further processing of leach liquor due to the neutral pH operating conditions. 
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